Among the hundreds of receptor-like kinases (RLKs) in plants, the brassinosteroid (BR) hormone 2 receptor BR-INSENSITIVE 1 (BRI1) and the immunity receptor FLAGELLIN SENSING 2 3 (FLS2) share a common co-receptor kinase, but lead to distinct growth and immunity responses, 4 respectively. Here we show that the BSU1 family of phosphatases, known to mediate BR 5 inactivation of GSK3-like kinases, also mediate flagellin-FLS2 signaling to the MAP kinases, 6 through different phosphocodes. Flagellin treatment induced phosphorylation of BSU1 7 phosphatase at serine-251 (S251) located in the N-terminal kelch-repeat domain. The bsu 8 quadruple mutant (bsu-q), with loss or compromised function of all four BSU family members, 9 showed defects in flagellin-triggered MAP kinase activation. The Botrytis-induced kinase 1 10 (BIK1), a substrate of FLS2, phosphorylated BSU1 at S251 in a flagellin-dependent manner.
bsu-i plants showed slightly reduced flg22-induced MAP kinase activation compared to the wild-1 type (Fig. 1d ). Estradiol treatment significantly decreased the BSL2 protein level and the flg22-2 induced MAP kinase phosphorylation in the bsu-i plants compared to untreated plants, but had no 3 effect in the wild-type plants (Fig. 1d ). Together these results demonstrate that the BSU1 family a) Identification of flg22-induced BSU1 S251 phosphorylation by SILIA IP-MS using PRM analysis. b) The locus and conservation of BSU1 S251 residue. Asterisk denotes BSU1 S251. c) Flg22-induced MPK3/6 phosphorylation in wild-type (WT) and bsu-q. Eight-week short-day grown leaves were treated with 100 nM flg22 for 2, 5, 10 and 30 min. Fifty μg of protein extracts were loaded to 10% SDS-PAGE gel. d) Flg22-induced MPK3/6 phosphorylation of WT and bsu-i. Nine-day old seedlings grown on 20 uM estradiol or the same amount of DMSO were treated with 100 nM flg22 for 10 min. Immunoblot was performed using anti-phospho-p44/42 MAPK antibody. e) Heat map of log2 fold change values of flg22-responsive genes in WT and bsu-q from RNA-seq data. f) Scatter plot of log2 fold change values of flg22-regulated genes in WT vs. bsu-q. Total 1590 genes from flg22-regulated genes in WT(-2≥FC≥2) were compared to those in bsu-q. g) qRT-PCR of flg22-induced FRK1 and At2g17740 expression in WT and bsu-q. h) Flg22-induced bacterial growth inhibition in WT and bsu-q. Each replicate includes four leaf discs and 12 biological replicates were used, and the experiment was repeated at least three times with similar results. The average bacterial titer ±SD is reported. report 31 , BIK1-HA immunoprecipitated from flg22-treated plants showed a slower mobility in 1 SDS-PAGE gel and an enhanced autophosphorylation activity (Fig. 2g ). Notably, flg22 treatment 2 greatly increased BIK1-HA phosphorylation of MBP-BSU1 (Fig. 2g) , indicating that the flg22-3 FLS2 signaling promotes BIK1 phosphorylation of BSU1. a) Yeast-two-hybrid assay for interaction between BIK1 and BSU1 family members. Yeast cells coexpressing the indicated AD and BD proteins were grown on synthetic dropout media. b) In vitro pull-down of MBP-BSU1/BSLs by GST-BIK1, analyzed by anti-MBP immunoblotting. c) Co-immunoprecipitation assay of BSU1 with BIK1 protein expressed in N. benthamiana leaves and Arabidopsis transgenic plants. d) BIK1myc proteins were immunopurified by anti-myc antibody from plants treated with 100 nM flg22 or mock for 30 min, and used to pulldown MBP-BSU1 in vitro. Asterisk indicates phosphorylated BIK1. e) Autoradiograph of gel staining (CBB) In vitro kinase assay of BIK1 phosphorylation of the indicated MBP and MBP fusion proteins. f) In vitro kinase assay (as panel e) of BIK1 phosphorylation of BSU1 N-terminal (Kelch) and C-terminal (PP) domains. g) In vitro kinase assay of flg22-induced BIK1 phosphorylation of BSU1 using immunopurified BIK1-HA. BIK1-HA immunoprecipitated using anti-HA antibody from thirteen-day old BIK1::BIK1-HA seedlings treated with 1 uM flg22 or mock for 10 min was incubated with MBP-BSU1 and 32 P-γ-ATP. BIK1-HA proteins were analyzed by immunoblotting using anti-HA antibody. Asterisk indicates phosphorylated BIK1. h) In vitro kinase assay of BIK1 phosphorylation of wild-type and mutant (S251A and S764A) BSU1. i) In vitro kinase assay of flg22-induced BIK1 phosphorylation of wild-type and mutant (S251A) BSU1 using immunopurified BIK1-HA. BIK1-HA was immunoprecipitated using anti-HA antibody from twelveday old BIK1::BIK1-HA seedlings treated with 1 uM flg22 or mock for 10 min, and was incubated with MBP-BSU1 or MBP-BSU1-S251A (MBP-S251A) and 32 P-γ-ATP. 1 flg22 treatment ( Fig. 1a ), in vitro kinase assays were performed using BIK1 and the wild-type or 2 site-mutated BSU1. The results indicate that BIK1 phosphorylation of BSU1 was greatly reduced 3 by mutation of S251 to alanine (S251A), but not by the mutation of S764 residue of which 4 phosphorylation is required for BR-BRI1 signaling 6 ( Fig. 2h ). In addition, the flg22-induced BIK1 5 phosphorylation of BSU1 was also reduced by S251A mutation (Fig. 2i ). These results indicate 6 that BIK1 phosphorylates the S251 residue of BSU1 in response to bacterial flagellin.
7
To test if BSU1 directly regulates MAP kinase cascade activation, we analyzed BSU1 8 interaction with MEKK1, a MAP kinase kinase kinase (MAPKKK) involved in flg22-induced 9 MAP kinase activation 32, 33 . We found that BSU1 can interact with MEKK1 in vitro and in vivo 10 ( Fig. 3a-d ). Interestingly, S251A mutation decreased the BSU1 interaction with MEKK1 in vivo 11 ( Fig. 3d ). To test whether phosphorylation of the S251 is required for BSU1-mediated MAP kinase 12 activation, we generated transgenic bsu-i plants expressing BSU1-YFP or BSU1-S251A-YFP.
13
Two independent BSU1-YFP:bsu-i transgenic lines, which expressed different levels of BSU1-14 YFP, showed normal flg22-induced MAP kinase activation as wild-type, whereas the BSU1-15 S251A-YFP:bsu-i plants showed lower flg22-induced MAP kinase activation, similar to the bsu-i 16 mutant ( Fig. 3e ). In addition, the BSU1-S251A-YFP:bsu-i plant showed a weaker response to flg22 17 pre-treatment in bacterial growth inhibition assay than the BSU1-YFP:bsu-i plants (Fig. 3f ). These 18 results support that BIK1 phosphorylation of BSU1 at S251 contributes to flagellin induction of 19 MAP kinase activation and immunity.
To evaluate the function of BSU1 S251 phosphorylation in BR signaling, we examined the 1 BR-dependent growth in the transgenic plants expressing the wild-type BSU1-YFP or the mutant 2 BSU1-S251A-YFP proteins. Overexpression of BSU1 reduced plant sensitivity to propiconazole 3 (PPZ) 34 , a BR biosynthesis inhibitor, in hypocotyl elongation of etiolated seedling ( Fig. 3 e, f). a) Yeast-two-hybrid assay for interaction between MEKK1 and BSU1 family members. Yeast cells co-expressing AD-MEKK1 and BD-BSU1/BSLs were grown on synthetic dropout medium containing 2.5 and 5 mM 3-amino-1, 2, 4triazole (3-AT). b) In vitro pull-down assay of GST-BSU1 and MBP-MEKK1. MBP-MEKK1 was pulled down by GST-BSU1 BP and the elutes were analyzed by immunoblotting using anti-MBP and anti-GST antibody. c) Coimmunoprecipitation assay of BSU1 with MEKK1 protein expressed in N. benthamiana leaves. d) Coimmunoprecipitation assay of BSU1 and BSU1-S251A with MEKK1 protein expressed in Arabidopsis transgenic plants. Seedling were grown for 9 days and treated with 1 uM flg22 for 10 min. BSU1-YFP and BSU1-S251A-YFP were pulled down by GFP-Trap beads and co-purified MEKK1-FLAG was detected by anti-FLAG antibody. e) Flg22-induced MPK phosphorylation in 35S::BSU1-YFP:bsu-i (BSU1:i) and 35S::BSU1-S251A-YFP:bsu-i (S251A:i) plants. Eight-day old seedlings grown on 20 uM estradiol were treated with 10 nM flg22 for 15 min. Immunoblot was performed using antiphospho-p44/42 MAPK and anti-GFP antibodies. Ponceau S staining image shows equal loading. f) Flg22-induced bacterial growth inhibition in BSU1:i and S251A:i seedlings. Each replicate includes 12 mg or more seedlings and 8 biological replicates were used. The average bacterial titer ±SD is reported. g, h) PPZ resistance of the wild-type, 35S::BSU1-YFP (BSU1) and 35S::BSU1-S251A-YFP (S251A) seedlings. g) Phenotype of 5-day-old etiolated seedlings grown in mock and PPZ media. Bar=10 mm. h) Hypocotyl length of etiolated seedlings. Asterisks denote significant difference from wild-type by t-test (P<0.001, n =13 for wild-type and n=14 for BSU1 and S251A). Experiments performed 3 repeats and showed similar results. submerged in autoclaved distilled water containing 0.05% Silwet L-77 treated with 1 μM flg22 or 5 water for 1 min. After decantation of the solution, the seedlings were incubated in growth chamber 6 for 1 hr. For kinase assay using immunopurified BIK1, BIK1::BIK1-HA seedlings were treated 7 with 1 μM flg22 in autoclaved distilled water for 10 min. In vitro kinase assays. 15 In vitro kinase assays using recombinant proteins were performed as described previously 6 . Briefly, using immunopurified BIK1, total protein was extracted from BIK1::BIK1-HA seedlings using 20 immunoprecipitation (IP) buffer (50 mM Tris, pH 7.5, 50 mM NaCl, 0.3 M sucrose, 1% Triton 21 X-100, 1 mM PMSF and 1× protease inhibitor cocktail), centrifuged at 4,000 rpm for 5 min.
22
Supernatants were centrifuged at 12,000 rpm for 10 min. The cleared supernatants were incubated 23 with anti-HA antibody (Roche, 3F10) immobilized on Protein A/G agarose beads (Pierce) for 2 hr.
24
The beads were then washed five times with 1 mL of washing buffer (50 mM Tris, pH 7.5, 150 25 mM NaCl, 0.1% Triton X-100) followed by the kinase buffer (25 mM Tris, pH 7.5, 10 mM MgCl2 Prospector.
17
For targeted quantification, data was acquired in the Parallel Reaction Monitoring (PRM) mode.
18
Peptides were separated using an EasyLC1200 system (Thermo) connected to high performance 19 quadruopole Orbitrap mass spectrometer Q Exactive HF (Thermo The authors declare no competing interests. 
